In this article an attempt is made to describe field scale solute transport parameters in terms of regional hydrologic and aquifer hydraulic properties, such as recharge rate, transmissivity, hydraulic gradient, aquifer thickness and soil porosity. Aquifers subject to natural recharge from rainfall exhibit groundwater velocities which vary with distance and with the recharge intensity. This in turn generates an evolving transport dispersion coefficient which increases with distance even in a homogeneous aquifer with constant dispersivity. The dispersion equation in an aquifer subject to recharge and variable groundwater velocity is one with coefficients given as variable functions of distance. A new stable analytical solution of this equation is presented along with numerical comparisons with the classical convection dispersion equation and sensitivity tests on the effect of hydrologic-hydraulic variables on the contaminant evolution. It was found that the recharge rate substantially affects the contaminant distribution and may partially explain the scale dependence of dispersion parameters. Transmissivity and hydraulic gradient values also determine the velocity distribution and therefore the rate of migration. It would appear that constant, laboratory scale, dispersivities may be sufficient for the modeling of field scale concentrations if an equation which accounts for the effects of hydrologic and hydraulic variables is used.
INTRODUCTION
It has become evident that the classical form of the convection dispersion equation (CDE) with constant coefficients is inadequate for describing field scale transport of inert solutes in aquifers. Fitted dispersion coefficients of the CDE are sometimes several orders of magnitude greater than those at the laboratory scale for the same porous media [e.g., Fried, 1975] . Field experiments, as well as many theoretical studies, have demonstrated that the dispersion coefficients are functions of time or travel distance [e.g., Sudicky, 1986; Dagan, 1984] , and that new techniques must be developed in order to provide a representation of the concentration field with a clear predictive capability.
Many efforts have been devoted to perfect an understanding of the dispersion phenomena at large scales. Stochastic analyses have been major contributors in this area with a variety of studies investigating the effect of field scale heterogeneities on the dispersion phenomena. Researchers have focused on representations of the hydraulic conductivity tensor as realizations of a random field, and its influence on the groundwater velocity variability and the dispersion parameters. For a summary and a critical review of stochastic methods to derive transport equations the reader is referred to Cushman [1987] and Sposito and Jury [1986] .
Recent approaches have concentrated on the definition of the velocity field and the dispersion coefficient as time or spatial random functions [Serrano, 1988a, b; Rubin, 1990] .
Alternatively, deterministic approaches that account for the scale dependence of dispersion parameters are beginning to appear. For instance, Pickens and Grisak [1981] The present article attempts to derive a new transport equation with scale dependent parameters given as functions of the regional hydrologic and aquifer hydraulic variables. Under the hypothesis that aquifer physical variables control not only the flow regime but also the concentration evolution and the scale dependence of the dispersion parameters, an effort is made to investigate the effect of some key aquifer properties on the functional form of transport dispersion parameters. The properties considered included natural recharge rate from rainfall, aquifer transmissivity, head hydraulic gradient, aquifer thickness, and aquifer soil porosity. Given the apparent absence of recharge rates in most groundwater dispersion studies and the importance, in principle, of this fundamental hydrologic input function in most regions of the globe, one should feel motivated to consider the effect of recharge from rainfall on dispersion. A hypothetical phreatic aquifer at the regional scale was considered IDagan, 1986] Laplace transform (section 5), and comparison tests with the classical CDE as well as a numerical illustration of the effect of hydrologic and hydraulic properties on the concentration evolution were given (section 6).
THE GROUNDWATER FLOW VELOCITY UNDER STEADY RECHARGE
In the past, many studies of dispersion in aquifers have based their theoretical analyses on assumptions of the regional groundwater flow regime. Typical representations include a steady state velocity in the absence of recharge. In this section we intend to derive a simple expression of the groundwater flow velocity in a phreatic aquifer under steady recharge. This expression will in turn help in the definition of the solute dispersion coefficient in terms of measurable aquifer hydraulic parameters (such as the mean transmissivity, the boundary head and hydraulic gradient, the aquifer thickness, the soil porosity) and the regional hydrologic recharge regime. Initially, a homogeneous aquifer is considered, but as will be seen, the effect of recharge on the velocity distribution and the contaminant distribution may be as important as that of aquifer heterogeneity in the hydraulic conductivity.
Consider a long (as compared with its thickness) hypothetical unconfined alluvial aquifer exhibiting mild slopes. The governing flow equation with Dupuit assumptions is [Bear, 
where the notation hxx = a Zh/ax 2 convenient for partial differential equations has been adopted. The boundary conditions imposed on (2) will affect the form of the solution. A practical situation occurs when the observer is located at x = 0, a piezometer at that point reads a head value of h0, and the hydraulic gradient is approximated with the aid of this and a nearby piezometer as equal to h [. Presumably x = 0 is the location of a hazardous waste spill and the hydrologist is investigating the flow and transport conditions at the origin. Thus the boundary conditions imposed on (2) are
The solution of (2), subject to (3) is 
which indicates that the groundwater velocity will increase linearly with distance at a rate given by the recharge rate I. Note also that the transmissivity, T, and the hydraulic gradient at the origin, h [, are scaling parameters having the property of uniformly changing the velocity in the entire aquifer.
THE FORM OF THE DISPERSION EQUATION UNDER RECHARGE
In this section we intend to use the equation of variable velocity, (5), to derive corresponding expressions for the average pore velocity, the dispersion coefficient and ultimately the dispersion differential equation in the same hypothetical phreatic aquifer subject to regional recharge.
The average pore velocity is simply u = q/n, where n is the mean aquifer porosity. From (5), the variable pore velocity is 
n Equation (7) indicates that the dispersion coefficient increases linearly with distance at a rate given by the recharge rate, even in a homogeneous aquifer with a constant dispersivity. We remark that in the present case the growth of the dispersion coefficient is the result of increased flow velocities generated from the recharge to the aquifer and not the result of field heterogeneity at a scale larger than the pore scale. In addition, the dispersion coefficient does not appear to reach an asymptotic value and physically would only decrease at the end of the recharge zone. Since D and u are variable functions of x, (9) does not reduce to the classical CDE, but instead to one that we prefer to call variable dispersion equation (VDE). Substituting (6) and (7) into ( 
where
It is interesting to note that, except for the dispersivity, the parameters in (10) are conveniently defined in terms of measurable hydrologic and hydraulic variables.
ANALYTICAL SOLUTION OF THE VARIABLE DISPERSION EQUATION
In this section an analytical solution of (!0) is attempted. It is convenient to represent the differential equation in dimensionless form in order to simplify the algebra and to assure dynamical similitude between model and field prototype. 
APPLICATION EXAMPLES AND COMPARISON WITH EXISTING RESULTS
In this section the solution of the VDE for cases 1 and 2, (26) and (29) respectively, will be used to illustrate the effect of aquifer hydraulic and hydrologic parameters on the spatial distribution of contaminants within the aquifer. We will also attempt a comparison between the well-known CDE with constant coefficients and the VDE. In the CDE the effect of recharge rates and other hydrologic-hydraulic elements is neglected, the pore velocity is assumed constant throughout the aquifer, and the dispersion coefficient is constant and usually estimated as a "calibration" parameter. Since in the VDE the dispersion parameters are explicit functions of the recharge rate and other hydrologic-hydraulic elements, the objective of a comparison between the CDE and the VDE is to observe the sensitivity of the concentration field to those elements, and to assess the magnitude of the error generated when the hydrologic regime is not included in the model. In order to establish a uniform basis for comparison between the CDE and the VDE, we will try to derive the constant dispersion parameters of the CDE in terms similar to those of the VDE. The classical CDE written for the same hypothetical aquifer under constant dispersion coeffcient,/5, and constant pore velocity, a, resulting from neglecting recharge is given by [Bear, 1979] Ct-DCxx + aCx = 0 6. The calculation of concentration breakthrough curves using the VDE requires a simple numerical integration procedure, which can be easily implemented with a microcomputer. In the present example a 24-point Gaussian quadrature was employed in the approximation of (26) with a short code in C requiring minimal computer space and execution time. This is to say that, as for comment 3 in case 1, the use of the VDE as a transport model does not require much extra effort and yet the advantages of having a model with parameters defined in terms of aquifer hydrologic and hydraulic properties could be beneficial. 1. Hydrologic and hydraulic aquifer properties, and in particular recharge, have a strong effect on the magnitude and distribution of the groundwater velocity field. It was found that even moderate recharge rates generate a variable velocity field, one with an increasing magnitude with distance, which significantly impacts the solute transport conditions in the aquifer.
2. Aquifers subject to natural recharge, which in turn generate variable velocity fields, exhibit evolving (increasing) dispersion coefficients with distance, even if constant (laboratory scale) values of dispersivities and homogeneity assumptions are adopted. This may be one of the reasons, along with the aquifer heterogeneities at the field scale, for the increasing value of the dispersion coefficient with the spatial and temporal scale so frequently reported in the literature. In the present study a physical interpretation based on a hydrologic-hydraulic functional dependence is given.
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